We have investigated the structural and optical properties of Cr-doped ZnS (ZnS:Cr) thin films (0-7.5 at.% Cr) for use in intermediate band solar cells. The films were grown on Si(100) in molecular beam epitaxy (MBE) and pulsed laser deposition (PLD) equipments. Introducing Cr into ZnS resulted in Cr related subbandgap absorption, but also reduced the grain size. The sub-bandgap absorption increased with increasing Cr content, and with increasing growth temperature, but did not depend on the growth method. In contrast, the crystallinity depended strongly on the growth method, and smoother and highly textured films were obtained by PLD. The data indicate that stacking faults are present in all films.
Introduction
An intermediate band material has at least one partially filled energy band, the intermediate band (IB), within the bandgap, E g . The presence of the IB allows for absorption of sub-bandgap photons, which can excite electrons from the valence band (VB) to the IB and from the IB to the conduction band (CB). Therefore, when the IB material is used in a solar cell, the photo-generated current increases compared to a conventional solar cell without the IB. With the IB layer sandwiched between suitable p-and n-emitters (with bandgap E g ) the photo-generated charge carriers are collected only through these emitters. The cell voltage is then limited by the emitter bandgaps. Accordingly the theoretical efficiency limit of an intermediate band solar cell (IBSC) is ∼50% higher than that of a single junction solar cell (with bandgap E g ) under identical conditions [1] . So far, the IBSC concept has been demonstrated [2] [3] [4] [5] , but the efficiency of IBSCs has not yet exceeded the efficiency of single junction solar cells, because materials with suitable properties have not been realized yet [6] .
II-VI and III-V semiconductors heavily doped by transition metals have been suggested as IB materials based on ab initio studies [7] . For instance, an isolated partially filled IB was predicted in chromium-doped zinc sulfide (ZnS:Cr), with ∼1.5 at.% Cr [8] . ZnS is made of non-toxic and abundant elements making ZnS:Cr an attractive solar cell material. The bandgap of ZnS is relatively large (∼3.6-3.9 eV, depending on the polytype [9] ), much higher than the ideal bandgap of ∼2 eV for an IBSC [1] . However, a tandem cell consisting of a ZnS-based IBSC (with ideal IB properties) on top of a single junction cell E 0.9 eV g ( ≃ ) has an efficiency limit of 52% (1 sun, AM1.5G) [10] .
Undoped ZnS has been studied for use in spectrally selective filters [11] , as buffer layers in Cu(III-IV) 2 solar cells [12] , and as transparent electrodes for various applications [13, 14] . Cr-doped ZnS, with low Cr content, has been studied for use as near-and mid-infrared laser materials [15, 16] , and optically active energy levels of Cr in the ZnS bandgap have been studied previously [17] . However, for use in IBSCs, high sub-bandgap absorption is needed, and consequently a higher Cr content than what is relevant for laser materials. Also, to suppress non-radiative recombination via multi-phonon emission a high doping density is required [18] .
Doped and undoped ZnS thin films have been deposited on various substrates by various methods [19] . In this work we have deposited films in pulsed laser deposition (PLD) and molecular beam epitaxy (MBE) equipments. We use Si(100) as a substrate since Si has a bandgap well-suited for use in a tandem cell in combination with a ZnS-based IBSC as mentioned earlier, and because of the availability of silicon. Undoped ZnS has been deposited on Si(100) both by PLD [20] and MBE [21] previously.
Contents lists available at ScienceDirect journal homepage: www.elsevier.com/locate/solmat However, different thermal expansion coefficients and the presence of a polar/non-polar interface makes heteroepitaxial growth challenging, as for many other II-VI thin films [22, 23] . In addition, sulfur is very reactive and forms a surface layer unfavorable for ZnS/Si heteroepitaxial growth [24] . Zhou et al. used an arsenic passivation layer on the Si substrate to overcome the problem when making films by MBE, but a thin arsenic layer remained at the interface [25] . Highly ordered ZnS on Si(100) has been achieved by PLD for growth at a temperature of 700°C, without the use of a passivation layer [26] .
For Cr-doped ZnS, the majority of previous studies have focused on the material's lasing properties. The ZnS:Cr samples have mainly been in the form of diffusion-doped (bulk) single crystals, and not as thin films. Ichino et al. [27] have demonstrated epitaxial growth of x Zn Cr S 0.04
on GaP by MBE. However, for x 0.015 > a ZnCr 2 S 4 phase was detected in addition to cubic/zinc blende ZnS:Cr. Vlasenko et al. [28] have reported on co-evaporation of ZnS and Cr for use in waveguides, and Wang et al. have used PLD [29] . However, the Cr concentration was less than 4.0 10 cm 0.8 at. % 20 3 × ≃ − in the two latter works. The film growth process differs notably in PLD and MBE [30] , which can result in films with different structural, optical and electrical properties. In MBE, the film is grown near thermal equilibrium, normally from a steady-state material flux, while in PLD the average energy of the incoming species is high and the material flux is not continuous. The average energy of incoming species is a few tenths of an eV in MBE and a few eV in PLD. The energy ranges are also different, i.e. 1-100 eV in PLD and below 0.5 eV in MBE. In PLD the instantaneous deposition rate is high, and its pulsed nature separates the two processes of adatom deposition and rearrangement in time [31] .
In an earlier work [32] , we showed that both the ZnS and ZnS: Cr as-grown films are n-type and the efficiency of hetero-junction cells is 14 times higher for the ZnS:Cr/p-Si cell compared to an undoped-ZnS/p-Si cell, suggesting that ZnS:Cr is a potential intermediate band material. In this work, we have studied thin films of both undoped and highly doped ZnS:Cr grown by both MBE and PLD on Si(100), in order to investigate which of the two methods will lead to material properties suitable for intermediate band solar cells. Comparable time averaged flux is used as well as similar substrate temperatures (in the range 200-550°C), and Cr content (0-7.5 at.%). The structural properties are investigated by X-ray diffraction, scanning electron microscopy and atomic force microscopy, and spectroscopic ellipsometry is used for optical characterization. We focus on optical and structural properties as a first step in the evaluation of the suitability of ZnS:Cr as an IBSC material. The next steps will include optimization of the electronic properties and of complete devices, but are beyond the scope of the current work.
Details about the experimental techniques and the data extraction are given in Section 2, and the results from the structural and optical characterization are presented in Section 3. The results are discussed in relation to growth processes and parameters in Section 4. Finally, the work is summarized in Section 5, including suggestions for further work. . The films were deposited on p-type Si(100) (1-30 Ω cm). Undoped ZnS was also deposited on quartz for transmission measurements. The substrates were degreased using ethanol and acetone. In order to remove the native oxide on Si, the substrates were etched in 5% HF for 3 min followed by 3 min rinsing in deionized water. Next, the substrates were transferred to the growth chambers, and heated (at base pressure) to 850°C in the PLD chamber and to 500°C in the MBE chamber. The substrates were kept at high temperature for 2 min and then the temperature was lowered to the temperature used during growth T s ( ). The PLD films were deposited at T 250 550 C s = -°. In MBE the undoped ZnS films were deposited at 200°C or 250°C, and the ZnS:Cr films with T s up to 550°C.
In the MBE chamber ZnS was evaporated from an effusion cell, and Cr was co-evaporated using an electron-beam evaporator. ), see Ref. [33] for further details. The PLD films were deposited in an Ar ambient, with a background pressure of 0.3 Pa and a flow of 22 SCCM. The target to substrate distance was 5 cm and 7 cm for undoped and Cr doped ZnS films, respectively. The target was scanned during deposition, and a rectangular area of 10 Â 20 mm 2 was ablated. The laser spot size on the target was 1 Â 2 mm 2 . The (time averaged) growth rate was in the range of 0.5-1.3 Å/s, for both PLD and MBE films. As we mentioned in the introduction, epitaxial growth was reported for PLD at 700°C [26] , therefore we also attempted this in our systems. However, for both PLD and MBE there were challenges in achieving reasonable growth rate or uniform thin films at temperatures higher than 550°C: For the MBE films grown at the higher substrate temperatures, higher material flux from the ZnS effusion cell was needed to obtain the desired range of growth rates, due to the increased re-evaporation during growth. For practical reasons we therefore limited T s to 550°C. For PLD growth at temperatures higher than 550°C, smooth films were not formed at the growth conditions used here (laser fluence and repetition rate, target-substrate distance, and background gas). Instead, we observed gradual appearance of pin-holes and eventually that no film remained on the substrate at 650°C and higher. However, optimization of the growth parameters can lead to deposition of uniform films at above 550°C.
The thin films deposited by PLD and MBE are listed in Table 1 . The samples made by PLD (MBE) are labeled x T x T P / M / s s ( ), where x is the Cr content in atomic percentage (at.%) determined by Table 1 Sample list including nominal growth temperature Ts and selected measured film properties: Cr content (x), film thickness (d), and the XRD peak width(s) (FWHM) (B), and corresponding apparent grain size (D). The XRD peak labeling is described in the text.
Sample
Ts (°C)
Wz ( Rutherford backscattering spectroscopy (RBS) after growth (see below), and T s is the nominal substrate temperature during deposition.
Characterization methods
The crystal structure of the deposited films was characterized by X-ray diffraction (XRD) using a Bruker AXS D8 Focus equipped with a LynxEye detector and a Cu-radiation source (CuKα1,2), with a wavelength of 1.5406 Å. The average grain size in the films is estimated from the XRD peak broadening by use of the Scherrer equation [34] :
where D is the apparent grain size in nanometers, K is the Scherrer constant set to K ¼1, λ is the wavelength of the X-rays (0.15406 nm), B is the full-width at half maximum (FWHM) value of the peak, and θ is the Bragg angle. Note that D obtained from the XRD analysis is an apparent grain size, and can be smaller than the grain size measured by other methods due to presence of defects such as dislocations and stacking faults [35] . The apparent grain size is also known as the coherence length of the sample, or the crystallite size. It should also be noted that D is the vertical grain size, not the lateral or in-plane grain size.
A combination of plan-view and cross-sectional scanning electron microscopy (SEM) images revealed information about grain evolution, while surface roughness was determined by atomic force microscopy (AFM). The film thicknesses were measured by a profilometer.
Film composition was obtained from RBS and, in some cases, by energy dispersive X-ray spectroscopy (EDS). RBS measurements were made with 1.6 MeV He ions backscattered into the detector at 165°relative to the incident beam direction. The film compositions were determined by fitting simulated curves to the experimental spectra using the SIMNRA code [36] .
The optical properties of the films were determined using a dual rotating compensator variable angle spectroscopic ellipsometry (SE) (RC2, J.A. Woollam Co.) in the wavelength range 210-1700 nm (photon energy range 0.73-5.9 eV). The samples were illuminated with a white light, collimated beam with incidence angles of 60°, 65°and 70°. The optical response was determined by fitting to the parameters N cos 2Ψ = , C sin 2 cos Ψ Δ = , and S sin 2 sin Ψ Δ = , where Ψ and Δ are the ellipsometric angles defined by
where r p and r s are the reflection coefficients for the air/sample system. The ρ representation is then transformed into the pseudo-
where ϕ 0 is the angle of incidence and
Note that ε 〈 〉 is simply a representation of the measured ellipsometric data that returns the pseudo-dielectric function of the air/surface roughness/film/substrate system. Film thickness and a surface roughness modeled by effective medium theory [37] were included in the fits. In addition, the films were assumed to be homogeneous and isotropic.
For undoped ZnS films, the complex dielectric function was extracted by fitting the measured data to a parametric dispersion model consisting of multiple Tauc-Lorentz (TL) oscillators [38] . For the ZnS:Cr films, the parameters of the TL oscillators obtained for the undoped ZnS were used as a basis, and the optical transitions introduced by the Cr doping were modeled by adding several Lorentzian oscillators. The added Lorentzian oscillators were fitted together with the TL oscillators to the SE data. For accurate calculation of the optical properties near the bandgap, spectroscopic transmission measurements at normal incidence were included, using an incoherent model for the substrate backside reflections in the data sets, for the films deposited on quartz. It should be noted that a complete model for the films has not been developed in this paper, since the focus here is on the amount of sub-bandgap absorption. A complete model must include excitonic effects, as well as the presence of several polytypes of ZnS and strain.
Results

Film composition
The RBS data (not shown) indicated that the films are close to stoichiometric with [S]/[Zn þ Cr] ratio of (1.000-1.04) 7 0.03 for both the MBE and PLD samples. In addition, we did not observe any impurity elements in the films. The obtained Cr content in the MBE films was (2.0-7.5) 70.2 at.%, and in the PLD films was (2.0-4.0)70.2 at.%, see Table 1 .
Structural properties
The XRD patterns of PLD and MBE films are presented in the left and the right panels of Fig. 1 , respectively. The result for a bare Si substrate is also included in both panels. We clearly see that the films are not epitaxial neither for the PLD nor the MBE films, and that the structure depends on growth method, growth temperature and Cr content. The films do, however, show a preferred orientation of varying degree, except for the PLD films grown at the lowest temperature, P0/250 in Fig. 1(a) . For both PLD and MBE ZnS:Cr films, no peaks related to metallic Cr, chromium sulfide phases, nor ZnCr 2 S 4 were observed in the XRD patterns.
First we focus on the preferred orientation of the PLD films that are shown in Fig. 1(a) -(e). All PLD films, except P0/250, have one main XRD peak at 2θ ¼28.6°, which can be assigned to both (111) oriented zincblende (Zb) and (002) oriented wurtzite (Wz), since the Zb(111) and Wz(002) peaks appear at almost the same angle. Thus, we label the XRD peak at 2θ¼28.6°ZW1. Note that the ZnS: Cr PLD films with high Cr content 3.0% ( > ) also show a weak Wz (100) peak, see Fig. 1(d) and (e) .
Next, we focus on the MBE films, which display less preferred orientation than the PLD ones. As we can see from Fig. 1(f)-(k) , a peak at 2θ¼47.8°is present in all of the MBE films, in addition to the ZW1 peak seen for the PLD films. The peak can be assigned to both Zb(220) and Wz(110), and we label it ZW2. We also see from Fig. 1(g)-(k) that the Cr doping clearly results in formation of a Wz phase in the MBE films, by the appearance of a strong Wz(100) peak at 2θ¼ 27.1°. For the films grown at T 200 C s =°, in Fig. 1(g) -(i), the intensity of Wz(100) and ZW2 peaks increases with increasing Cr content. For T 330 C s =° (Fig. 1(j) ), the XRD pattern is similar to the one for T 200 C s =° (Fig. 1(g) ), taking into account the slightly thicker films for the M2.0/330 sample compared to the M2.5/200 sample, see Table 1 . Finally, we note that increasing the growth temperature from 200°C to 550°C for the same Cr content results in a higher intensity for the ZW1 peak compared to the Wz (100), see Fig. 1(h) and (k) .
The FWHMs for the XRD peaks and corresponding apparent grain sizes are listed in Table 1 , excluding those related to the Si substrate. As can be seen from the table, the apparent grain size, D, is smaller for the undoped ZnS PLD film (P0/500) compared to the undoped ZnS MBE film (M0/200), even though it was grown at a higher temperature. For the Cr-doped films, we see that D reduces with increasing Cr content in the PLD films at a given T s , but for the MBE films there is no clear trend. Note, again that the apparent grain sizes for the MBE film is larger than for the PLD film with similar specifications (T s and Cr content, P3.3/550 and M3.5/550).
Next, we compare the SEM images of the undoped and Crdoped films shown in Fig. 2 . At a given Cr content and growth temperature, the lateral grain size is larger for the MBE films compared to the PLD films. Also note that for both the PLD and MBE films the lateral grain size is reduced when Cr is incorporated.
In addition, the surface of M0/200 shows larger height variations than P0/500 which appears to be more uniform. This is confirmed by RMS roughness values obtained from AFM images (not shown) of 9.3 nm and 2.8 nm for M0/200 and P0/500, respectively. In comparison, despite the grain size difference in the Cr-doped MBE and the PLD films, very similar values of surface roughness were obtained from AFM images (not shown) of 1.2-2.5 nm.
In Fig. 2(a) and (b), on the right side, we show cross-section SEM images of M0/200 and P0/500, and see that both MBE and PLD result in columnar growth. However, we clearly see that the lateral grain size is rather constant through the film thickness in M0/200, while P0/500 has smaller grains at film-substrate interface and that the grains become larger with increasing film thickness. Furthermore, we can see in the cross-section SEM image of sample M3.5/200 (Fig. 2(c) ) that the in-plane grain size is also small at the interface and increases gradually with increasing film thickness. However, the lateral size of the grains in M3.5/200 seems to stabilize after ∼200 nm. Such a stabilization in lateral grain size cannot be seen in the PLD sample ( Fig. 2(d) ), but might be because this film is only 290 nm thick.
Optical properties
Typical measured and fitted complex pseudo-dielectric function (Eq. (3), 60 0 ϕ = ○ ) are shown in Fig. 3 for the sample P4.0/550. From the figure we see that ε 〈 〉 shows interference fringes in the region below the bandgap and approaches the dielectric function of the ZnS:Cr film above the bandgap. The modulation of the amplitude of these interference fringes is related to the subbandgap absorption in the film. Examples of the fitted complex dielectric function i 1 2 ε ε ε ( = + ) for sample P0/500 and P4.0/550 are shown in Fig. 4 . We clearly see from the figure that Cr-doping causes an increase in ε 2 for photon energies up to 5.4 eV. The most dominant features are the sharp critical point structures at 3.7 eV and 5.7 eV, corresponding to center energy of the E 0 and E 1 energy gaps, respectively [39] .
If one assumes that the dipole-operator is only slowly varying across the Brillouin zone, ε 2 is directly proportional to the joint density of states. In this case, ε 2 is a function of the electronic band-structure, density of filled and empty states, magnitude of optical transition probability between filled and empty states [37] , in addition to excitonic absorption [40, 41] .
Both the E 0 and E 1 critical points appear to have a mixed excitonic and VB to CB critical point character, whereas Adachi [39] reports that excitonic effects are dominating the optical response for ZnS, due to the large exciton binding energy of 34.2 meV [42] . As such, E 0 and E 1 are likely to be the center energy of the excitonic optical transition, which may be at the origin of the confusion in defining the bandgap values for ZnS in the literature.
For the undoped sample, an excitonic dispersion model would be favorable, but the Lorentzian type damping in these models are unsuitable for revealing the below bandgap absorption. The most striking feature upon increased doping (see Fig. 4 ) is the decrease in amplitude and broadening of the E 0 and E 1 critical points, in addition to the broad sub-bandgap absorption. The TL dispersion model with the built-in minimum Tauc bandgap allows us to fit independently the below bandgap absorption features as separate Lorentizan lineshapes. A direct inversion of the dielectric function produced very similar results.
The absorption coefficients (α) of the films were calculated from ε through
where "Im" denotes the imaginary part. The resulting absorption coefficients for some of the ZnS and ZnS:Cr films are plotted in Fig. 5 , for a photon energy range of 0.73-4.3 eV. We see from the figure that the bandgap of the undoped ZnS films grown by PLD and MBE is ∼ 3.6 eV. Below the bandgap the PLD (MBE) film has a nonzero absorption coefficient down to ∼3.4 eV (∼0.7 eV).
We see from Fig. 5 that when ZnS is doped with Cr the bandgap reduces slightly and the absorption coefficient increases in the whole photon energy range. Three general observations from the figure can be made: (i) the bandgap reduces slightly when Cr is added to ZnS, (ii) the absorption coefficient increases with the increasing Cr content at a given growth temperature, irrespective of the deposition method, and (iii) for a given deposition method and Cr content, the absorption coefficient increases with temperature. The latter can be seen by comparing the MBE films M3.5/ 200 and M3.5/550 grown at 200°C and 550°C, respectively. Note that the sub-bandgap absorption coefficient of M3.5/550 and M5.5/200 is indistinguishable. This implies that when a lower growth temperature is used, a higher Cr content can result in similar sub-bandgap absorption coefficient. As there are some uncertainties in how to incorporate the presence of Cr in the parametric dispersion model of the films, we do not extract numerical values for the bandgaps, since these will depend on the model used. Instead we focus on the sub-bandgap absorption coefficients in the following.
To compare the optical properties of the films below the ZnS bandgap quantitatively, the dielectric function is parametrized by
and E 3.6 eV 2 = , where F E E E 2 ε ( ) = ( ) is proportional to the optical conductivity E σ ( ). In the frame of dipole approximation F(E) is proportional to the transition strength function, E ϝ( ), introduced in Ref. [43] , i.e.
where e, ε 0 , and m e are electron charge, vacuum permittivity, and electron mass. The function E ϝ( ) is a continuous condensed-matter equivalent of the oscillator strength known for discrete transitions in atomic spectra. The integral
is proportional to the electron density and can also be called the total transition strength [43] . Again, here we integrate F(E) only for sub-gap energies to parametrize the sub-bandgap absorption for the deposited films.
The integrated transition strength, f, is presented in Fig. 6 , where a larger f is associated with a higher sub-gap absorption. From Fig. 6 we observe that the sub-gap absorption increases linearly with increasing Cr content for the PLD films that all were grown at 550°C. The same trend is seen for the MBE films deposited at 200°C (red triangles), although the transition strength is lower than the PLD films for a given Cr content. The MBE sample with 2.0% Cr (M2.0/330) fits the trend for the MBE samples, although it is grown at 330°C. In contrast, the MBE sample grown at 550°C (open square) has a much higher transition strength than the other MBE samples with a comparable Cr content, and is also slightly higher than the PLD samples. Finally, we observe that the f value increases proportionally with the Cr content.
Discussion
Lack of epitaxy
The absence of epitaxial growth observed from the XRD and SEM analysis, for both doped and undoped ZnS films on Si(100), is expected as described in the introduction. From our results we conclude that the growth, and resulting film structure, is not governed by the Si(100) substrate, but instead by a minimization of surface energy, as the films are highly oriented, with close packed atomic planes perpendicular to the growth direction. In Zb ZnS these planes are stacked in an A-B-C-A-B-C order in the (111) direction, while an A-B-A-B stacking is found along the (001) direction in Wz ZnS. Similar results on lack of epitaxy have been reported for growth of ZnS on Si(100) earlier [21] . In Ref. [21] they reported similar texture for ZnS films grown on etched and unetched Si. Zb(111)/Wz(001) oriented growth of ZnS decoupled from the substrate was also reported for growth on oxide substrates [44, 45] .
Polytype determination
Based on the XRD data we can conclude that at least all the ZnS:Cr films made by MBE and the two ZnS:Cr films with 3.3 and 4.0% Cr made by PLD, contain Wz ZnS, since a unique Wz(100) peak is observed in these films. For the rest of the films we cannot conclude whether they contain only Wz, only Zb or a combination of both. Stacking faults in a Wz grain result in a Zb structure buried inside the grain or vice versa. This phenomenon has been observed in both CdTe [46] and ZnS [47] thin films, made by close-spaced sublimation. The apparent grain size obtained in XRD, listed in Table 1 , correspond to the vertical apparent grain size; the apparent grain height. Buried regions of the other polytype will not have grain boundaries easily discernible in cross-sectional SEM images, and therefore the grain height seen from the SEM images (often close to the film thickness) does not correspond to the crystallite size. Therefore, the small apparent grain sizes listed in Table 1 , obtained from the width of the XRD peaks, indicate the presence of stacking faults in both PLD and MBE films. A crystallite is then, in our case, the region between two stacking faults, and limits the XRD coherence length. A preliminary TEM study (not shown) has confirmed the presence of stacking faults in a ZnS:Cr film (1.5% Cr) made by MBE [48] .
A range of bandgaps have been reported for Zb and Wz ZnS, but it is generally accepted that Zb ZnS has a bandgap of 3.6-3.7 eV and Wz ZnS of 3.8-3.9 eV [9] . As such, the absorption coefficients obtained from the ellipsometry data indicate that all samples contain Zb ZnS, since they all have a bandgap near 3.6 eV. One may envisage an advanced model of the exciton absorption for a mixed material (effective medium) that may reveal the polytype from optical measurements, whereas the multiple TL model applied here only represents the average response without polytype specific information.
Comparing PLD and MBE growth
Our MBE films were less ordered than the PLD films as additional peaks were observed in the XRD diffractrograms, and a rougher surface was observed for the undoped ZnS MBE film, see Figs. 1 and 2. These findings can be explained by the higher adatom energy in PLD compared to MBE: The additional energy given to the growing film effectively increases the mobility of the atoms in the surface [30] . The increased mobility leads to higher degree of ordering, since the atoms in the surface are now more likely to form an ordered closed packed layer of minimum surface energy. Compared to MBE, PLD has been reported to result in smoother surfaces [30] , a finding that is supported by theoretical work [49, 50] .
Even though our undoped PLD film was grown at a 300°C higher temperature, the lateral grain size was much smaller than that for the undoped MBE film. We attribute this to the high nucleation rate in PLD [30] . In both the PLD and MBE films the grains coalesced somewhat as the films grew, approaching a final area density. The small final (lateral) grain size indicates that the grains are randomly oriented in the plane. This was confirmed by preliminary transmission electron microscopy (not shown). The high instantaneous flux is also the cause of the formation of an amorphous film when ZnS is grown by PLD at 250°C.
On film nucleation
On substrate surfaces with a high defect density the saturation grain density (prior to coalescence) is determined by the defect density [51] . In that work growth rates relevant for MBE were used. The lateral grain size in our undoped MBE film was typically less than ∼100 nm, see Fig. 2(a) , and a large fraction of the grains most likely nucleated at point defects, caused by the reaction of sulfur with the Si(100) and/or by inadequate substrate heat treatment in situ prior to deposition. If we assume all grains nucleated at a point defect, then the grain density can be used to estimate the defect (area) density. For the undoped MBE sample the grain density, and thus the defect density in the substrate, is of the order of 10 10 cm À 2 . The smaller lateral grain size in the Cr-doped ZnS films, compared to the undoped films, indicates that the Cr atoms act as nucleation centers. If we assume that the Cr-atoms substitute Zn atoms in closed packed ZnS planes that have a total of 7.9 Â 10 14 atoms/cm 2 , a Cr content of 3.5% corresponds to 1.4 Â 10 13 nucleation sites per cm 2 . Here, and in the following, we neglect any reconstruction of the ZnS surface. If 3.5% of the lattice sites act as nucleation centers and all of them lead to grain formation, this leads to a grain size of 3 nm, assuming a single grain size and square grains. Clearly the grains in the Cr-doped MBE film shown in Fig. 2 (c) are larger than this (laterally), indicating that not all Cr atoms result in the formation of a grain in MBE growth.
In the PLD film shown in Fig. 2(d) , however, the grains are very small, although larger than 3 nm, and the film appears very uniform. The systematic trend seen in the XRD peak widths for the ZnS:Cr films for increasing Cr content (see Table 1 ) supports the conclusion that the Cr atoms are responsible for the nucleation.
On the optical properties
Returning to the optical properties, the sub-gap absorption in the undoped ZnS films can be related to point defects in ZnS [52] . Since the films were slightly sulfur rich, see Section 3.1, the absorption between 3.1 and 3.3 eV can be related to Zn vacancies V Zn ( ) − [17] . Other point defects can be found deeper into the ZnS bandgap [52] , and can explain some of the sub-bandgap absorption in both the undoped and Cr-doped films. The absorption edge is sharper for P0/500 in comparison to M0/200, and this can be interpreted as a stronger crystallinity for the undoped ZnS PLD film, supporting the above discussion of the XRD data.
Although doping ZnS by Cr reduced the grain size, the increased sub-gap absorption is not likely related to structural defects at the grain boundaries, since we observed higher absorption in films with better crystalline structure (for a given Cr content), i.e. smoother films with narrower XRD peaks, see Figs. 2, 6, and Table 1 . The correlation between increased crystal quality and optical properties can be explained as follows: In the SE experiments the samples are illuminated with white light, resulting in a steady-state filling of states in the bandgap as well as the conduction band. (This resembles the situation when the material is used in a solar cell, and makes the resulting optical properties very relevant for solar cell materials.) The sub-bandgap absorption will depend on the filling of the optically active states in the bandgap: If a state is empty (filled) it cannot be the initial (final) state of an absorption event. A point defect or stacking fault in the material can lead to unwanted filling or draining of the optically active states, by allowing for additional recombination via it, to or from the optically active state, respectively. Such recombination is known as Shockley-Read-Hall (SRH) recombination [53] , and occurs in most solar cell materials. Unwanted filling/ draining of the optically active states in the bandgap can reduce the sub-bandgap absorption. A careful mapping of the energy levels of all states in the bandgap, optically active or not, is needed to support this hypothesis, but is beyond the scope of the current work.
Device fabrication
Before summarizing, we describe the next steps toward fabrication of an IBSC based on ZnS:Cr. For the complete IBSC structure [54] , the IB material has to be sandwiched between wide bandgap p-and n-emitters, preferably ZnS. Successfully fabricated p-ZnS and n-ZnS have been previously reported. Specifically, ZnS:Cu [55] , ZnS:In [56] with p-type conductivity, and ZnS:Al [57] with n-type can be made by the methods used here.
Another important requirement for the IBSC is the possibility of electronic excitation to and from the IB. In other words, the IB must be partially filled when the IBSC is illuminated with solar radiation. Partial filling of the IB can be achieved by additional dopants that donate electrons to the IB. Alternatively, partial filling can be achieved simply by illuminating the cell with concentrated light, as shown in Ref. [58] .
Summary and conclusions
We have compared the structural and optical properties of undoped and Cr-doped (up to 7.5 at.%) ZnS films deposited on Si (100) by PLD and MBE, for substrate temperatures up to 550°C. Neither Cr clusters nor Cr-rich phases, such as ZnCr 2 S 4 , were observed in the films. Even though the lattice mismatch between ZnS and Si is almost negligible, epitaxial growth was not achieved, as has also been seen by others. Columnar growth was observed, and the lateral grain size depended strongly on the Cr content and the growth method. The largest grains (up to ∼100 nm in diameter) were obtained for undoped ZnS deposited by MBE. The correlation between lateral grain size and Cr content indicates that the Cr atoms act as nucleation centers. This effect was more pronounced in the PLD than the MBE samples. The sub-bandgap absorption was found to depend strongly on the Cr content, and less on the deposition method. For a given Cr content, an increase in the sub-bandgap absorption was seen for growth at higher temperatures, and this was related to an increased crystalline quality, for both PLD and MBE.
In contrast to the sub-bandgap optical properties, we found that the structural properties depended on the growth method, and smoother films with a higher degree of ordering was achieved by PLD than MBE, as long as the substrate temperature was high enough for PLD to result in crystalline films. Our results from XRD, SEM and SE indicate that the films contain both Zb and Wz polytypes of ZnS, and that stacking faults are present in all films. Such stacking faults might be detrimental for the performance of a solar cell based on ZnS:Cr. PLD was found to be more advantageous for the growth of films for intermediate band solar cells, so we suggest to use PLD and specifically substrate temperatures above 550°C. Alternatively, growth on Si(111) should be attempted, as well as the use of buffer layers and substrates was less affected by the presence of sulfur.
